Abstract: Low-carbon production is one of the dominating issues in the sustainable development of the food industry with high energy consumption, especially in the table grapes cold chain. The aim of this paper is to propose a profit maximization strategy of table grapes cold chain by integrating the carbon footprint to improve the low-carbon production and sustainability of the cold chain system. The carbon footprint was evaluated by life cycle assessment (LCA) in entire cold chain system of table grapes, and the economic order quantity (EOQ) model was used to develop the profit maximization model with minimal carbon footprint and to maintain the optimal balance between stock and cost. The profit optimization performance, the sensitivity performance and the influencing factors of the decay rate, the carbon emission price, and the distance and carbon emission coefficient in refrigerated transport were analyzed according to the profit maximization model and the inventory data in actual cold chain investigated. The sensitivity performance analysis illustrated that the selling price had the highest sensitivity, and the carbon emission coefficient in storage had the lowest sensitivity. The comprehensive analysis results indicated that there is an optimal combination point between the economy and environment in actual cold chain, which not only reduced the carbon emission, but also had minimal impact on the profit in cold chain. The enterprises should integrate the carbon footprint cost into the profit maximization once the carbon emission tax is levied. The proposed strategy of the profit maximization with carbon footprint constraint is also suitable for improving profit maximization of other low-carbon supply chain applications.
Introduction
Low-carbon production is one of the dominating issues in the sustainable development of the food industry with high energy consumption [1] [2] [3] , especially in the table grapes cold chain. Low-carbon production is a green and sustainable development mode with lower greenhouse gas (GHG) emissions for the cold chain [4] [5] [6] . The table grapes cold chain is a special system that enables table grapes to always be stored at a prescribed low temperature to reduce the loss of table grapes and ensure their quality and safety [7] [8] [9] . The major GHG emitted in cold chain systems is carbon dioxide [10] [11] [12] , and the carbon footprint, which is the total amount of carbon dioxide and other greenhouse gases emitted by a product or service throughout the life cycle, provides an easy way for the carbon dioxide emission evaluation [13] [14] [15] .
To achieve the low-carbon development in cold chain system, the carbon tax, which is levied on carbon dioxide emission, has been implemented in many countries such as Norway, Sweden,
System Boundary Definition and Functional Units
To identify the system boundary by employing the LCA method, the Xingjiang Uygur Autonomous Region in northwest China was chosen as the producing area, and Guangzhou City in south China was chosen as the consumption area. As illustrated in Figure 1 , the system of the cold chain is principally made up of the processes of transportation, pre-cooling and storage. The transportation process includes ordinary and refrigerated transports. The planted table grapes were transported for pre-cooling with a small truck and stored at about 0 • C in cold storage after the picking and packing in the vineyard, and then refrigerated transported for retail with a heavy truck. 
To identify the system boundary by employing the LCA method, the Xingjiang Uygur Autonomous Region in northwest China was chosen as the producing area, and Guangzhou City in south China was chosen as the consumption area. As illustrated in Figure 1 , the system of the cold chain is principally made up of the processes of transportation, pre-cooling and storage. The transportation process includes ordinary and refrigerated transports. The planted table grapes were transported for pre-cooling with a small truck and stored at about 0 °C in cold storage after the picking and packing in the vineyard, and then refrigerated transported for retail with a heavy truck. Carbon dioxide equivalent is selected as the indicator of the total amount of the greenhouse gas discharged from each process in cold chain. The cradle-to-gate method, which does not include the backhaul, is adopted as the system boundary [35] , and the planting and retail processes are not included in the carbon footprint evaluation dur to the complexity and stochastic uncertainty of consumers in the retail process. The waste of table grapes is unified disposed in the retail process and the carbon footprint in waste is also excluded.
To unify the units for the carbon footprint evaluation in cold chain, the functional units of the table grapes mass and the carbon dioxide emissions were defined as kg and g/kg in the study.
Assumptions
The following assumptions were applied to simplify the carbon footprint evaluation and the profit maximization of table grapes:
•
The cold chain is stable and the decay rate of the table grapes is constant.
The transportation in cold chain is operated well.
The decay of table grapes occurs only in the storage process in cold chain.
The market demand rate keeps constant.
The supplements are adequate and no stock-out is allowed.
The replenishment lead time is constant.
General Profit Model
The EOQ method is adopted to evaluate the general profit of continuous decay table grapes in cold chain according to the variation of the stock status [31] . The table grapes would be reordered to guarantee the optimal balance between the minimum stock status and the maximum capital flows when the stock reaches the minimum sustainable supply status.
The profit ) (T P is presented as Equation (1): Carbon dioxide equivalent is selected as the indicator of the total amount of the greenhouse gas discharged from each process in cold chain. The cradle-to-gate method, which does not include the backhaul, is adopted as the system boundary [35] , and the planting and retail processes are not included in the carbon footprint evaluation dur to the complexity and stochastic uncertainty of consumers in the retail process. The waste of table grapes is unified disposed in the retail process and the carbon footprint in waste is also excluded.
Assumptions
•
General Profit Model
The profit P(T) is presented as Equation (1):
The cost C(T) is described as Equation (2):
The average stock I is defined as Equation (3):
The table grapes are always in continuous decay in the cold chain stock system. The decay amount of the table grapes is related to the stock. The stock I(t) is demonstrated as Equations (4) and (5) according to the EOQ model:
According to the Equations (4) and (5), the replenishment amount Q could be obtained and calculated as Equation (6):
Finally, the profit P(T) could be presented as Equation (7) according to the above equations.
Profit Maximization Model with Carbon Footprint Constraint
The carbon footprint was considered as the cost of table grapes in cold chain to reduce the carbon emissions and improve the low-carbon production and sustainability of the cold chain system. The maximum profit is calculated by solving the first-order derivation and the carbon footprint in the ordinary and refrigerated transports and storage process were evaluated according to the defined system boundary by the LCA.
The profit maximization model with carbon footprint constraint is illustrated as Equations (8) and (9):
The carbon footprint cost of table grapes cold chain is calculated as Equation (10):
The total carbon footprint F cp in the cold chain is defined as Equation (11): The total carbon emission CF total in the cold chain is illustrated as Equation (12):
The carbon emission of the transportation CF tp is calculated as Equations (13)- (15):
The average carbon emission of the storage CF sg is demonstrated as Equations (16) and (17):
Inventory Analysis
Inventory data were analyzed to quantitatively evaluate the carbon footprint and profit in cold chain. However, it is still difficult to acquire the carbon emission data in cold chain due to the current technological level [21] . The inventory is roughly estimated and identified according to the literature and field observation and investigation in actual process.
The inventory energy consumption data in cold chain are illustrated in Table 1 . Carbon dioxide in transportation is principally emitted from the diesel oil consumption of truck, and carbon dioxide in storage is mainly emitted from the electricity consumption. The carbon emission factors in the transportation and storage process are calculated according to the product of the dynamic energy data and carbon emission conversion coefficients of different energy consumption. The inventory carbon emission conversion coefficients are described in Table 2 , and the inventory carbon emission factors are demonstrated in Table 3 . The profit maximization model parameters with carbon footprint constraint are presented in Table 4 according to the investigation in actual cold chain. The carbon emission price was set according to the based on the carbon benchmark price in European Union [41] . 
Results and Discussion
The profit optimization performance, the sensitivity performance and the different influencing factors were analyzed according to the profit maximization model with carbon footprint constraint and the inventory data in actual cold chain investigated. Data analysis and processing were performed using Matlab R2012b (MathWorks Incorporated, Massachusetts Natick, MN, USA) and Microsoft Office Excel 2016 software (Microsoft Corporation, Redmond Washington, RW, USA).
Profit Optimization Performance Analysis
The general profit, the profit with carbon footprint constraint and the carbon footprint were all calculated according to Equations (1), (8) and (11) with the inventory data. The optimization performance of the maximum general profit, the minimum carbon footprint and the maximum profit with carbon footprint constraint are described in Table 5 , and the comparison between the strategies of the carbon footprint minimization and the profit maximization with carbon footprint constraint in different factors, which were compared with the strategy of the general profit maximization, are demonstrated in Figure 2 . As demonstrated in Table 5 and Figure 2 , the replenishment cycle and replenishment amount in the strategy of carbon footprint minimization, about 5.29 days and 1037.1 kg, respectively, were all increased compared with the strategy of the general profit maximization. The increase range of the replenishment cycle and replenishment amount were about 297.74% and 693.13%, respectively. The carbon footprint, the general profit and the profit with carbon footprint constraint, about 187.4, −125.55 and −131.45, respectively, were all reduced. The reduction range of the carbon footprint, the general profit and the profit with carbon footprint constraint were about 49.75%, 154.49% and 160.21%, respectively. The actual table grapes cold chain was loss-making because of the negative profit in the strategy of the carbon footprint minimization. The replenishment cycle and replenishment amount in the strategy of the profit maximization with carbon footprint constraint, about 1.39 day and 137.97 kg, respectively, were slightly increased compared with the strategy of the general profit maximization. The increase range of the replenishment cycle and replenishment amount were about 4.51% and 5.51%, respectively. The carbon footprint and the general profit, about 360.31 g and 230.2 CNY, respectively, were also slightly reduced. The reduction range of the carbon footprint and the general profit were about 3.39% and 0.1%, respectively. However, the profit with carbon footprint constraint, about 218.67 CNY, was increased by 0.08%.
Carbon footprint minimization is the best strategy for the environment, but it adds heavy economic burden, even negative profits, for the enterprises at the same time. It is unrealistic to consider the carbon footprint minimization only in some cases. The strategy of the profit maximization with carbon footprint constraint is more reasonable than that only considering the carbon footprint minimization, and also more comprehensive than that of general profit.
The strategy of the profit maximization with carbon footprint constraint not only reduced the carbon emission, but also had less impact on the profit in cold chain. The strategy of the profit maximization with carbon footprint constraint have made an optimal combination point between the economy and environment in actual cold chain, and improved the sustainability of the cold chain. The enterprises should integrate the carbon footprint cost into the profit maximization once the carbon emission tax is levied.
Sensitivity Performance Analysis
The absolute value of profit variation in different influencing factors was adopted to analyze the sensitivity performance of the profit maximization model with carbon footprint constraint in cold chain. The absolute value of profit variation is defined as Equation (18) .
The variation rate of the influencing factor j was about 1 and the other influencing factors were constant. The sensitivity is higher if the absolute value is also higher. According to the EOQ model applied in this study, the calculated absolute value of profit variation with carbon footprint constraint in different influencing factors are illustrated in Figure 3 . The replenishment cycle and replenishment amount in the strategy of the profit maximization with carbon footprint constraint, about 1.39 day and 137.97 kg, respectively, were slightly increased compared with the strategy of the general profit maximization. The increase range of the replenishment cycle and replenishment amount were about 4.51% and 5.51%, respectively. The carbon footprint and the general profit, about 360.31 g and 230.2 CNY, respectively, were also slightly reduced. The reduction range of the carbon footprint and the general profit were about 3.39% and 0.1%, respectively. However, the profit with carbon footprint constraint, about 218.67 CNY, was increased by 0.08%.
The variation rate of the influencing factor j was about 1 and the other influencing factors were constant. The sensitivity is higher if the absolute value is also higher. According to the EOQ model applied in this study, the calculated absolute value of profit variation with carbon footprint constraint in different influencing factors are illustrated in Figure 3 . According to Figure 3 , the influencing factor of the selling price, whose absolute value of profit variation were about 640 CNY (China Yuan), had the highest sensitivity, and the influencing factors of the market demand rate and the purchase price, whose absolute value of profit variation were about 305 CNY and 297.79 CNY, respectively, had relatively high sensitivity. The carbon emission coefficient in storage, whose absolute value of profit variation was about 0.0024 CNY, had the least sensitivity, and the carbon emission coefficient and the distance in ordinary transport, whose absolute value of profit variation were all about 0.14 CNY, had relatively low sensitivity. The influencing factors of the carbon emission coefficient in storage, and the carbon emission coefficient and the distance in ordinary transport were ignored because of their low sensitivity.
However, the influencing factors, which include the market demand rate, the purchase price, the selling price, the replenishment cost and the carrying cost, were principally decided by the market of table grapes, and they were also the influencing factors of the general profit without carbon footprint constraint. The influencing factors, which consist of the decay rate, the carbon emission coefficient and distance in refrigerated transport, were principally decided by the refrigeration process in actual cold chain, and the carbon emission price also had a great influence on the carbon emission cost in cold chain.
To further understand the variation of the profit with carbon footprint constraint in different influencing factors in actual table grapes cold chain, the influencing factors of the decay rate, the carbon emission price, the distance and carbon emission coefficient in refrigerated transport were selected, as discussed in more detail in the following sections.
Influence Analysis of Decay Rate
The different values of the influencing factor of decay rate were set with the constant values of the other influencing factors. The influence curves of the replenishment cycle, the replenishment amount, the profit with carbon footprint constraint and the total carbon footprint with the decay rate are presented in Figure 4 .
As shown in Figure 4a ,b, the replenishment cycle and the replenishment amount all increased along with the decrease of the decay rate, and the replenishment cycle and replenishment amount in general maximization were lower than that in profit maximization with carbon footprint constraint. The high decay rate made the great waste of table grapes. However, the optimal balance between According to Figure 3 , the influencing factor of the selling price, whose absolute value of profit variation were about 640 CNY (China Yuan), had the highest sensitivity, and the influencing factors of the market demand rate and the purchase price, whose absolute value of profit variation were about 305 CNY and 297.79 CNY, respectively, had relatively high sensitivity. The carbon emission coefficient in storage, whose absolute value of profit variation was about 0.0024 CNY, had the least sensitivity, and the carbon emission coefficient and the distance in ordinary transport, whose absolute value of profit variation were all about 0.14 CNY, had relatively low sensitivity. The influencing factors of the carbon emission coefficient in storage, and the carbon emission coefficient and the distance in ordinary transport were ignored because of their low sensitivity.
As shown in Figure 4a ,b, the replenishment cycle and the replenishment amount all increased along with the decrease of the decay rate, and the replenishment cycle and replenishment amount in general maximization were lower than that in profit maximization with carbon footprint constraint. The high decay rate made the great waste of table grapes. However, the optimal balance between stock and order costs should always be maintained to guarantee the profit maximization when the table grapes decay amount increases.
As demonstrated in Figure 4c ,d, the profits with carbon footprint constraint in the strategy of the general maximization and profit maximization with carbon footprint constraint all decreased along with the increase of the decay rate, while the total carbon footprint increased. The profit with carbon footprint constraint in the strategy of general maximization was higher than that in profit maximization with carbon footprint constraint. The reason may be that the great waste of table grapes increased the cost and the decrease of the replenishment cycle increased the carbon emissions in process of the transportation and storage [42] .
Reducing the decay rate of table grapes in cold chain is very important to maintain the profit maximization. The advanced refrigeration plants in cold storage and refrigerated transport should be reasonably adopted and the refrigeration environment such as the temperature and relative humidity should also be precisely and accurately monitored and controlled [8] . The profit with carbon footprint constraint in general maximization and profit maximization with carbon footprint constraint were about 44.28 CNY and 48.61 CNY, respectively, when the decay rate of table grapes decreased from 0.4 kg/kg/day to 0.2 kg/kg/day, according to the results. Figure 4c ,d, the profits with carbon footprint constraint in the strategy of the general maximization and profit maximization with carbon footprint constraint all decreased along with the increase of the decay rate, while the total carbon footprint increased. The profit with carbon footprint constraint in the strategy of general maximization was higher than that in profit maximization with carbon footprint constraint. The reason may be that the great waste of table grapes increased the cost and the decrease of the replenishment cycle increased the carbon emissions in process of the transportation and storage [42] .
Reducing the decay rate of table grapes in cold chain is very important to maintain the profit maximization. The advanced refrigeration plants in cold storage and refrigerated transport should be reasonably adopted and the refrigeration environment such as the temperature and relative humidity should also be precisely and accurately monitored and controlled [8] . The profit with carbon footprint constraint in general maximization and profit maximization with carbon footprint constraint were about 44.28 CNY and 48.61 CNY, respectively, when the decay rate of table grapes decreased from 0.4 kg/kg/day to 0.2 kg/kg/day, according to the results. 
Influence Analysis of Carbon Emission Price
Different values of the influencing factor of carbon emission price were set with the constant values of the other influencing factors. The influence curves of the replenishment cycle and the profit with carbon footprint constraint with the carbon emission price are presented in Figure 5a ,b.
As illustrated in Figure 5 , the replenishment cycle increased along with the increase of the carbon emission price, while the profit with carbon footprint constraint almost linearly decreased. The profit with carbon footprint constraint was reduced about 3 CNY when the carbon emission price increased about 0.0001 CNY/g. 
As illustrated in Figure 5 , the replenishment cycle increased along with the increase of the carbon emission price, while the profit with carbon footprint constraint almost linearly decreased. The profit with carbon footprint constraint was reduced about 3 CNY when the carbon emission price increased about 0.0001 CNY/g.
The carbon footprint cost also increased with the increase of the carbon emission price. The increased carbon footprint cost would reduce the profit of the table grapes. As an enterprise of table grapes in cold chain, it is urgent and necessary to adopt low-carbon refrigeration technology and plants to reduce the carbon emissions and increase the profit in cold chain.
(a) (b) Figure 5 . Influence of the carbon emission price: (a) the curve of the replenishment cycle; and (b) the curve of the profit with carbon footprint constraint.
Influence Analysis of Distance and Carbon Emission Coefficient in Refrigerated Transport
The different values of the influencing factor of distance and carbon emission coefficient in refrigerated transport were set with the constant values of the other influencing factors. The influence curves of the replenishment cycle and the profit with carbon footprint constraint with the distance, and the replenishment cycle and the profit with carbon footprint constraint with carbon emission coefficient in refrigerated transport are illustrated in Figure 6 . 
The different values of the influencing factor of distance and carbon emission coefficient in refrigerated transport were set with the constant values of the other influencing factors. The influence curves of the replenishment cycle and the profit with carbon footprint constraint with the distance, and the replenishment cycle and the profit with carbon footprint constraint with carbon emission coefficient in refrigerated transport are illustrated in Figure 6 . The carbon footprint cost also increased with the increase of the carbon emission price. The increased carbon footprint cost would reduce the profit of the table grapes. As an enterprise of table grapes in cold chain, it is urgent and necessary to adopt low-carbon refrigeration technology and plants to reduce the carbon emissions and increase the profit in cold chain.
The different values of the influencing factor of distance and carbon emission coefficient in refrigerated transport were set with the constant values of the other influencing factors. The influence curves of the replenishment cycle and the profit with carbon footprint constraint with the distance, and the replenishment cycle and the profit with carbon footprint constraint with carbon emission coefficient in refrigerated transport are illustrated in Figure 6 . As presented in Figure 6a ,b, the replenishment cycle almost linearly increased as the distance in refrigerated transport increased, while the profit with carbon footprint constraint linearly decreased. The replenishment cycle increased about 0.01 day and the profit with carbon footprint constraint was reduced by about 2 CNY when the distance in refrigerated transport increased about 500 km. The reason may be that the increased distance also increased the carbon emission in refrigerated transport, and finally increased the carbon footprint cost in refrigerated transport [43] .
As shown in Figure 6c ,d, the replenishment cycle increased with the carbon emission coefficient increase in refrigerated transport while the profit with carbon footprint constraint linearly decreased. The replenishment cycle was increased from 1.39 days to 1.85 days and the profit with carbon footprint constraint was reduced from 218.67 CNY to 109.57 CNY when the carbon emission coefficient in refrigerated transport increased from 0.1 g/kg/km to 1 g/kg/km. The reason may be that the increased carbon emission coefficient also increased the carbon footprint cost in refrigerated transport [44] .
According to Equations (10) and (11), which are the calculation equations of carbon footprint cost and total carbon footprint, the carbon footprint cost were reduced by employing the longer replenishment cycle and larger replenishment amount in table grapes cold chain when the carbon emission coefficient in refrigerated transport was high.
Conclusions
The profit optimization performance analysis showed that the strategy of profit maximization with carbon footprint constraint not only reduced the carbon emission, but also had less impact on the profit of the cold chain. The replenishment cycle and replenishment amount were slightly increased by 4.51% and 5.51%, and the carbon footprint and the general profit were slightly reduced by 3.39% and 0.1% compared with the strategy of the general profit maximization.
The sensitivity performance analysis illustrated that the influencing factor of the selling price had the highest sensitivity, and the carbon emission coefficient in storage had the lowest sensitivity. The influencing factors of the distance in ordinary transport and the carbon emission coefficient in storage and ordinary transport was ignored due to their low sensitivity, and the decay rate, the carbon emission price, and the distance and carbon emission coefficient in refrigerated transport were selected and discussed to understand the variation of the profit with carbon footprint constraint in actual cold chain.
In this study, the comprehensive analysis of the profit optimization performance, the sensitivity performance and the influencing factors of the decay rate, the carbon emission price, and the distance and carbon emission coefficient in refrigerated transport in actual cold chain indicated that the proposed strategy of the profit maximization with carbon footprint constraint allowed identifying an optimal combination point between the economy and environment, thus allowing to improve the sustainability of the cold chain. Enterprises should integrate the carbon footprint cost into the profit maximization once the carbon emission tax is levied, and the policy makers should also make a proper carbon emission tax to realize the reasonable profit for the enterprises according to the influence analysis result of the carbon emission price.
The proposed strategy of the profit maximization with carbon footprint constraint is also suitable for other low-carbon supply chain applications. It is also possible to integrate the intelligent sensor monitor technologies with the carbon footprint evaluation methods to monitor the energy consumption and carbon emission in entire cold chain system to improve the low-carbon, green and sustainable cold chain management. 
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Nomenclature

P(T)
profit of the profit with carbon footprint constraint before the variation of influencing factor j (CNY) F cp carbon footprint in cold chain (g/kg/day) CNY China Yuan
